This paper employs a multiobjective genetic algorithm (MOGA) to optimize the shape of a widely used wing in ground (WIG) aircraft airfoil NACA 4412 to improve its lift and drag characteristics, in particular to achieve two objectives, that is, to increase its lift and its lift to drag ratio. The commercial software ANSYS FLUENT is employed to calculate the flow field on an adaptive structured mesh generated by ANSYS ICEM software using the Reynolds-Averaged Navier-Stokes (RANS) equations in conjunction with a one equation Spalart-Allmaras (SA) turbulence model. The results show significant improvement in both the lift coefficient and lift to drag ratio of the optimized airfoil compared to the original NACA 4412 airfoil. It is demonstrated that the performance of a wing in ground (WIG) aircraft can be improved by using the optimized airfoil.
Introduction
Ground effect is an aerodynamic phenomenon that occurs on an aircraft during take-off and landing when the aircraft is in close vicinity of the ground. The close proximity of the ground alters the flow of air around the wing causing an increase in the lift and a reduction in the induced drag of the wing. Wing in ground effect (WIG) craft is a type of aircraft which takes-off and lands with very small ground clearance compared to other transport aircrafts. WIG craft is more fuel efficient than other general aviation and transport aircrafts and has relatively very short take-off distance [1] . These advantages make WIG craft attractive for many military and civil applications which require take-off and landing from aircraft carriers from and to water surface, respectively. Therefore, it is of interest to optimize airfoils for the wings of WIG craft for superior performnace by increasing lift as well as the lift to drag ratio.
When flying in the proximity of the ground, the flow around an aircraft is forced to be parallel to the ground due to ground effect; thus, the aerodynamics in ground effect is significantly different from that in out of ground effect in unbounded flow. The aerodynamic analysis requires an additional bounday condition to simulate the effect of the ground [2, 3] . In the realm of ground effect aircraft, most studies have focused on two kinds of ground effect-the steady ground effect (SGE) wherein the flying altitude does not vary with time and the dynamic ground effect (DGE) wherein the flying altitude varies continuously with time [4] [5] [6] [7] [8] [9] [10] [11] . However, to date, neither SGE nor DGE have considered the airfoil optimization in the presence of ground.
The focus of this paper is on optimization of one of the most well-known airfoil used for wing in ground effect (WIG) craft-the NACA 4412 airfoil. The goal is to optimize the shape of this airfoil by employing a multiobjective genetic algorithm (MOGA) to improve its aerodynamic performance compared to the original NACA 4412 airfoil. The commercially available software ANSYS FLUENT is used for calculation of the flow field using the Reynolds-Averaged Navier-Stokes (RANS) equations in conjunction with a one equation Spalart-Allmaras (S-A) turbulence model. Using MOGA, globally optimal NACA 4412 airfoil shape is obtained for a typical cruising speed and angle of attack. The two optimization objectives are considered-maximization of the lift coefficient and the lift to drag ratio. sampling; that is, the probability of selecting some individual ℎ for reproduction is given by
A crossover function is then performed to produce the offspring. Generally, crossover is implemented by choosing a crossover point on each individual and swapping alleles-or vector elements as illustrated in Figure 1 . 
Multiobjective Genetic Algorithm (MOGA).
For many design problems, it is desirable to achieve, if possible, simultaneous optimization of multiple objectives [14] . These objectives, however, are usually conflicting, preventing simultaneous optimization of each objective [15] . Therefore, instead of searching for a single optimal solution, a multiobjective genetic algorithm (MOGA) is necessary to find a set of optimal solutions (generally known as Pareto-optimal solutions). For Pareto-optimal solutions, any individual inside the set dominates any individual outside the set while any individual in the set is not dominated by another individual in this solution set. The MOGA algorithms used to find the Pareto-optimal solutions to the airfoil optimization problem in this study are widely known as NSGA-II. It has the following three features: (1) it uses an elitist principle, (2) it uses an explicit diversity preserving mechanism, and (3) it emphasizes nondominated solutions in a population [16] . The implementation procedure of NSGA-II is as follows [17] .
(1) At 0th generation: a random parent population 0 of size is created; it is sorted based on the nondomination. Then, the individuals in 0 are ranked: 1 is the best level, 2 is the next-best level, and so on. Then, 0 is sent to selection, recombination, and mutation operators to create off-spring population 0 of size .
(2) At tth generation: a combined population = of size 2 is formed and is sorted according to nondomination. Then, individuals in are divided into the best nondominated set 1 , the next-best nondominated set 2 and so on. If the size of 1 is smaller than , all members of 1 go to +1 , with the remaining members chosen from 2 , 3 ,. . . until the size of +1 is . Then, new population +1 is sent to selection, crossover, and mutation operators to create a new population +1 of size .
(3) Termination: the procedure terminates when convergence criterion is met.
The java code package utilized in this study is called jMetal. It is a Java-based framework for multiobjective optimization using metaheuristics. It is easy to use and is flexible and extensible [18] . number of control points required to parameterize a curve depends on the shape of the curve.
Each airfoil is divided into top and bottom boundary curves by the airfoil chord joining its leading edge and the trailing edge. Considering the shape complexity of NACA 4412 airfoil, 12 control points are used for parameterization. For an airfoil curve, two points are fixed since they represent the leading and trailing edge of the airfoil. The intermediate points are allowed to move within the specified boundaries. A maximum thickness constraint of 16%-17% is used on the NACA 4412 airfoil. The constraints applied to the Bezier control points on the upper boundary of the airfoil are given as ( , ) and at the lower boundary of the airfoil as ( , ), = 1, 2 . . . 6, in Table 1 .
The Shape Optimization Process for NACA 4412 Airfoil
This section presents the optimization process for NACA 4412 airfoil using the multiobjectives genetic algorithm (MOGA). An optimization procedure is established by coupling the MOGA code with the mesh generation code ANSYS ICEM and the CFD solver ANSYS FLUENT as shown in Figure 2 . The individuals in each generation of GA are represented by a set of control points, which generate the airfoil shape through the Bezier Curve. The mesh around the airfoil shape is generated using the grid generation software ANSYS ICEM, which is used to create a two-dimensional structured or unstructured mesh as an input to the CFD solver FLUENT. FLUENT is used to calculate the flow field for given flow conditions. Using the flow field data, FLUENT calculates the lift coefficient and the drag coefficient which are used to calculate the objective values for a given airfoil shape. Using the information about the objective values for all the airfoils in a given generation, MOGA is applied to create a next Table 1 : Coordinates of the control points used in airfoil parameterization. generation of airfoils and the process is repeated to obtain the Pareto front following the MOGA procedure outlined in Section 2. From the Pareto front, optimal solution for objective values is obtained. The airfoil shape that corresponds to the optimal objective values is the final shape of the optimized airfoil [17] .
Implementation of MOGA.
NSGA-II [17] and the jMetal [18] multiobjective GA software packages are employed. We choose 20 individuals (airfoils) for each generation. The crossover rate of 0.9 is considered. The mutation rate is determined to be 1/24. jMetal MOGA framework offers multiple operators; here we employ the simulated binary crossover (SBX) operator and the polynomial mutation operator for crossovers and mutations, respectively. The selection process employs the binary tournament operator. The multiobjective optimization procedure is conducted with two objectives functions. The first objective is to minimize 10/ , and the second objective is to minimize 100 * / . The goal is to find the Pareto front for these two objective functions. When the value of both objective functions does not change from one generation to the next, the solution is considered converged to an optimal value of and / . The airfoil shape that corresponds to the optimal objective values is the final shape of the optimized airfoil.
Mesh Generation.
The commercially available software ICEM is used to generate a structured mesh around NACA 4412 airfoil. Adaptive meshing is employed. A reply file is scripted to automatically generate mesh around different airfoils in a given generation. The reply file is edited so as to be able to generate mesh based on different airfoil shapes. Figure 3 shows the structured mesh around NACA 4412 airfoil. Approximately 50305 quadrilateral cells exist in this mesh in Figure 3 . The ground is treated as a moving wall boundary.
Grid independence is assessed by establishing another finer mesh. The number of quadrilateral elements is doubled in the finer mesh. The height of the first layer element in finer mesh is halved from the original mesh. The + value for any mesh point next to the wall never exceeds 2. Results show that the variation in lift coefficient on the coarse and fine mesh is very small; the coarse mesh gives acceptable results. Therefore, the original mesh is adopted in the calculations given in this paper for the reasons of computational efficiency with acceptable accuracy. = 3 × 10 5 . In the flow field simulation, the Cartesian frame of reference is fixed to the initial position of the airfoil.
Flow Field
In the flow field computation, compressible ReynoldsAveraged Navier-Stokes (RANS) equations are employed. One equation Spalart-Allmaras (S-A) model is chosen for turbulence modeling. The governing equations are solved using the finite-volume solver in ANSYS FLUENT; convection terms and diffusion terms are discretized with second-order upwind scheme and central difference scheme, respectively. The pressure-based solver is used with SIMPLEC scheme to address the pressure-velocity coupling.
In order to evaluate the accuracy of the numerical method for predicting the flow field and aerodynamic forces on an airfoil in ground effect, the flow field of a Tyrrell-026 airfoil in static ground effect (SGE) is simulated and compared with the wind tunnel experiment data [19] . Figure 4 shows the excellent comparison between the pressure coefficient distribution from our CFD simulations and the experimental data.
Results and Discussion
We choose ground clearance of 0.2c (0.2 * Chord Length) and angle of attack of 4 degrees for optimization of NACA 4412 airfoil. The free stream velocity is taken as 30.8 m/s. This is a typical operating condition for wing in ground effect (WIG) craft in the proximity of the ground. For airfoil optimization, we set two optimization objectives, that is to minimize 10/ as well as 100 * / . The airfoil shape that results in lowest value of 100 * / in the Pareto front gives the shape of the optimized airfoil. is simulated for three other ground clearances (0.4c, 0.6c, and 0.8c), comparing its lift coefficient and lift to drag ratio with original NACA 4412 airfoil and the airfoil optimized in free stream without ground effect. The results in Figure 6 show that the optimized airfoil for ℎ/ = 0.2 has an overall better performance than the original airfoil for both the aerodynamic properties-the lift coefficient and lift to drag ratio. Figures 7, 8, 9 , and 10 show the comparison of pressure coefficient between the airfoil optimized for ℎ/ = 0.2 and the original NACA 4412 airfoil and the contours of pressure coefficient and velocity magnitudes around the optimized airfoil optimized for ℎ/ = 0.2 at ground heights of 0.2c, 0.4c, 0.6c, and 0.8c, respectively. To prove the necessity of optimizing an airfoil for wing in ground effect (WIG) craft, we also optimized the NACA 4412 airfoil without ground effect. Figures 11 and 12 , respectively, show the shape comparison of the optimized airfoil without ground effect with the original airfoil and with the optimized airfoil in ground effect with 0.2c height above the ground.
As discussed before, the flow field past the optimized airfoil without ground effect is simulated under four ground effect heights of 0.2c, 0.4c, 0.6c, and 0.8c. The lift coefficient and lift to drag ratio for these four heights are compared with those of the airfoil optimized in ground effect for height 0.2c above the ground. Figure 6 (b) and Table 2 show that the airfoil optimized in ground effect for height 0.2c above the ground has a higher lift to drag ratio than the airfoil optimized without ground effect. This implies that the airfoil optimized in ground effect has a higher aerodynamic efficiency than the one optimized without ground effect. Therefore, it is useful to design an airfoil specifically suited for wing in ground effect craft under take-off condition. Figures 13, 14, 15 , and 16, respectively show the comparison of (a) pressure coefficients between the airfoil optimized in free-stream and the original airfoil, (b) pressure coefficients between the airfoil (optimized for ℎ/ = 0.2) and the airfoil optimized in the free stream, and (c) The contours of pressure and velocity around the airfoil optimized in freestream at ℎ/ = 0.2, 0.4, 0.6 and 0.8. 
Conclusions
In this paper, we have employed a multiobjective genetic algorithm (MOGA) to optimize the shape of a well-known wing in ground effect (WIG) craft airfoil-the NACA 4412-to improve its lift and drag characteristics, in particular to achieve two objectives that is to increase its lift as well as its lift to drag ratio. The commercially available software FLUENT is employed to calculate the flow field on an adaptive structured mesh using the Reynolds-Averaged NavierStokes (RANS) equations in conjunction with a one equation Spalart-Allmaras (S-A) turbulence model. The results show significant improvement in both the lift coefficient and the lift to drag ratio of the optimized airfoil compared to the original airfoil. The results are obtained for optimized airfoils in ground effect for various heights above the ground.
The results demonstrate the importance of using airfoils optimized in ground effect under take-off conditions of a WIG aircraft.
